Rates of methane production in Minnesota peats were studied. Surface (10-to 25-cm) peats produced an average of 228 nmol of CH4 per g (dry weight) per h at 25°C and ambient pH. Methanogenesis rates generally decreased with depth in ombrotrophic peats, but on occasion were observed to rise within deeper layers of certain fen peats. Methane production was temperature dependent, increasing with increasing temperature (4 to 30°C), except in peats from deeper layers. Maximal methanogenesis from these deeper regions occurred at 12°C. Methane production rates were also pH dependent. Two peats with pHs of 3.8 and 4.3 had an optimum rate of methane production at pH 6.0. The addition to peat of glucose and H2-CO2 stimulated methanogenesis, whereas the addition of acetate inhibited methanogenesis. Cysteine-sulfide, nitrogen-phosphorus-trace metals, and vitamins-yeast extract affected methane production very little. Various gases were found to be trapped or dissolved (or both) within peatland waters. Dissolved methane increased linearly to a depth of 210 cm. The accumulation of metabolic end products produced within peat bogs appears to be an important mechanism limiting carbon turnover in peatland environments.
Peatlands are unbalanced, wetland ecosystems where productivity exceeds biodegradation. This imbalance leads to the accumulation of organic deposits that are termed peat. Except for the surface water microlayer, peats are anaerobic environments (15) . As such, they represent suitable habitats for methanogenic bacteria. In previous work we have detected high populations of methanogens (106/ml of interstitial water) in the 25-to 40-cm depth region of a Minnesota peatland (16) . Even at a depth of 210 cm, the deepest region examined, significant populations (104/ml) of methanogens were observed.
The methanogenic food chain is a microbial system that mediates the biodegradation of organic compounds in many anaerobic environments. The flow of carbon through this chain avoids a buildup of inhibitory metabolic end products, thereby preventing the cessation of biodegradation (19) . Since methanogenesis is the terminal step in this anaerobic food chain, any perturbation of the chain should be reflected by altered methane production. Consequently, methanogenesis is a key process to study, reflecting the combined activities of many different microbial groups.
Peat bog ecosystems produce methane (19) ; however, we are aware of no reports where methane production from peatlands has been quantified. The influences of various physiochemical parameters upon peat methanogenesis likewise have not been reported. Temperature is known to exert a significant influence on methanogenesis (and the number of methanogens) in lake sediments (20) . In culture, methanogenic bacteria metabolize best in the pH range of 6.7 to 8.0. However, very low rates of methanogenesis have been observed at pH 5.8 (19) . Methanogens utilize sulfide or cysteine to satisfy their sulfur requirements; however, high sulfide concentrations have been shown to inhibit methanogenesis in sediments (7, 8, 14) . Phosphate (13, 14) also has been found to inhibit methanogenesis in lake sediments, as has nitrate (1) in salt marsh sediments. Ammonium ion may slow the conversion of acetic acid to methane at high concentrations (19) . Methanogenic substrates such as hydro-* Corresponding author.
gen (12, 17) and acetate (3, 17) often stimulate methanogenesis in lake sediments. Glucose stimulated methanogenesis in some habitats (2, 17) ; however, at glucose concentrations greater than 1.0%, suppression of methane production occurred. Vitamins (4) and yeast extract (19) immediately in a collection jar. Jars containing peat were placed inside a plastic bag, which then was filled with nitrogen and sealed. Samples were returned to the lab at ambient temperature. Within 2.5 h of collection, ca. 0.5-g subsamples were distributed to tubes equilibrated under anerobic conditions inside the anaerobic chamber. Nutrients to be added to peat samples were dissolved in deaerated, distilled water such that 3 to 4 ml of solution was added to all peat samples (depending upon the particular experiment). This water generally was absorbed completely by the peat. After appropriate additions, tubes were sealed, vortexed under vacuum, filled with nitrogen (three cycles), filled with 1 atm (ca. 101.3 kPa) of high-purity nitrogen, incubated under specified conditions, and monitored for methane production. Minneapolis, 1982) . The trace metals solution contained the following (in grams per liter of distilled water): nitrilotriacetic acid, 1.00; MgSO4 * H20, 2.0; FeSO4 * 7H20, 0.12; MnSO4 * 7H2O, 0.03; ZnSO4 -7H20, 0.03; CoSO4, 0.01. Adjustments of pH were made by using deaerated 0.1 N NaOH or HCI. An 80% H2-20% CO2 (both gases were ultra high purity grade) mixture was added by using a manifold permitting gas exchange while maintaining anaerobic conditions.
Miscellaneous methods. After completion of an experiment, the contents of all tubes were emptied into preweighed beakers. Peat samples were dried at 95°C to a constant weight. These dry weight measurements were used to standardize methane production from each tube on a per gram (dry weight) of peat basis.
Gas trapped in peatland habitats was collected with Vacutainer tubes (American Scientific Products) and a large glass funnel with a shortened stem. A metal rod was used to release gas from the peat beneath a water-filled funnel. Gascontaining tubes were placed on ice. Collected gases were analyzed by gas chromatography within 5 h of their collection from Cedar Creek sites. Samples from northern Minnesota were kept at 4°C until analyzed (usually within 24 to 96 h).
Methane dissolved in peatland interstitial water also was collected with Vacutainer tubes. A 5-ml water sample was squeezed out of a peat sample and into a 10-ml syringe barrel. The needle on this syringe was embedded in a Vacutainer tube stopper. After the 5 ml was in the syringe, the needle was pushed through the stopper and into the evacuated tube. Water samples were quickly sucked into these tubes, and their dissolved gases were stripped by the vacuum (11) . These tubes were stored on ice, and the headspace gas was analyzed by gas chromatography within 5 h of sampling.
Data analysis. All methanogenesis experiments were performed with at least duplicate cultures plus duplicate controls. The number of points used to calculate the slope (rate) and correlation coefficient (r) was between 8 and 16, depending upon the particular experiment. RESULTS
The results from a typical peat methanogenesis experiment are shown in Table 1 . The reported depths are the distances below the water table surface from which the peat sample was collected. At the time of sampling, the water table was located ca. 10 cm below the upper surface of the vegetational ground cover (primarily sphagnum). The highest methane production rates occurred in surface peats; rates then decreased with depth. Heat-and Formalin-killed controls evolved very little methane, indicating that both control techniques were effective and that methane arose from new synthesis rather than from the release of trapped gas. The handling procedures used in these experiments effectively removed most previously produced methane that had been trapped within the peat matrix. We also evaluated the influence of temperature on methane production from peat. Four temperatures (30, 25, 12, and 4°C) wvere used for each of six peat samples. The results (Table 2) showed a steady decline in methanogenesis with decline in temperature, except for samples taken from the two deepest sampling points. At these two depths maximal methane production occurred at 12°C. At 210 cm an increase in methane production was observed. This increase accompanied a shift in peat type from fibrous sphagnum peat to fine-grained sedge peat.
Methanogens are thought to metabolize best at neutral pH. Therefore, it is of interest to determine how the acidic nature of ombrotrophic peatlands affects methanogenesis. Two After a period of time (usually 6 to 7 days), the rate of methane production within the peat-containing tubes always declined. The closed environment occurring within experimental tubes is analogous to that found in situ. This situation arises from the low permeability and gel-like characteristics of the peat matrix. Therefore, processes inhibiting further methane production within these tubes could be similar to those that limit degradation of organic matter in peatlands.
In an effort to understand the cause of this decline in methanogenesis, the following experiment was performed. Forty-eight tubes, each containing peat from the same sample, were incubated at 25°C. The Table 6 . Methane comprised an average of 31.2 + 3.2 mol% of the gas collected.
The amount of methane dissolved in peatland water was determined for the Cedar Creek bog site. Water samples of 5 ml were collected in Vacutainer tubes. Gases were stripped from the water by the tubes' vacuum and held in the headspace for sampling (11) . The results of this experiment are reported in Fig. 1 Fig. 1 show that maximal interstitial water methane concentrations occurred in this region, indicating that metabolic end products do accumulate at these depths. The most probable explanation for this rise in methane production is an increased level of utilizable energy sources or nutrients present in this layer of fen peat. The reason this methanogenesis increase only occasionally was detected probably is a result of variation in the chemical composition of peat found at this depth.
It is possible that our data do not reflect fully the magnitude of the in situ methanogenesis decrease with depth. It is known that the upper sediments of lakes are much more active in methanogenesis than lower sediments (1, 6, 9, 10, 20) . In vitro and in situ rates of methanogenesis are similar for such sediments (0 to 3 cm). However, deep sediment (45 to 105 cm) methanogenic populations could be stimulated to 70% of the activity of surface sediments (9) by treatments such as shaking (5) . This indicates that, despite their in situ inactivity, these populations were viable. However, the above observations also indicate that in situ activity may be less than in vitro measurements indicate. Peat sampling and handling for the above experiments removed trapped gases and volatile compounds. Additionally, adding medium supplements or distilled water may have diluted other inhibitory factors (such as organic acids). Thus, the reported in vitro measurements of methane production must be interpreted carefully before extrapolating to in situ rates.
Methanogenesis by surface peats was more responsive to temperature alterations than was that by deep peats. The year-round temperature below approximately 25 cm in the peatlands remained between 7 and 12°C (15) . The methanogenesis temperature optimum for the deepest samples was within this range.
The effects of pH on methanogenesis (Table 3) mal pH conditions. However, it is also possible that neutral microsites exist within the peat matrix and that these sites are the primary areas where methanogenesis occurs. It also seems probable that peatlands may contain unusual strains of acid-tolerant methanogenic bacteria that produce methane at pHs below 6.0. Providing nutritional supplements to the methanogenic food chain gave varied results (Table 4) . Lack of stimulation of methane formation after the addition of nitrogen-phosphorus-trace mnetals, reduced sulfur, and organic growth factors indicated that these factors are not limiting. Glucose and H2-CO2 both stimulated methanogenesis, indicating that the (14) .
In Lake Vechten sediments, maximum methane concentrations correspond to the depth of maximum methanogen numbers (3) . This was not the case in the peat environments studied here. The ability of peat to trap and hold methanogenesis-inhibiting compounds produced by microbial metabolism may account for this observation. Methane was shown to be trapped within the peat matrix in both dissolved ( Fig. 1) and undissolved (Table 6) forms. It is possible that the methane in deep peat regions was generated many years ago and that its presence is inhibitory to further methanogenesis. However, no evidence exists for methane inhibition of methanogenesis.
Experiments reported in Table 5 showed that removal of volatile and dilution of nonvolatile metabolic end products in peat stimulated methanogenesis. This provides circumstantial evidence for end product inhibition of the methanogenic food chain in peat environments. The buildup of end products in the peat matrix, potentially to inhibitory or toxic levels, could block anaerobic metabolism, thereby creating a significant causative factor in peat accumulation.
